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‘The thesis by Lieutenants EB. L. Perry and L. W. Az Barista 
entitled "Schlieren Observation of Supersonic Discharge” 
presents pressure measurements and Schlieren photographs of 
- supersonic streams discharging into an exhaust space undsr 
_ various conditions. The photographs show interesting detail 
_ which in general corresponds to analytical results. The most 
; - gignificant cebservation was a comparison of two supersonic 
streams alike in averags. conditions but differing in thickness 
of the boundary layer, The effect of boundary-layer thickness 
on the nature of the pee ee is shown clearly. : 
aa. The thesis by } Lite Comdrs' Wo We Simons and J, S. Bowen 
G4 entitled "Investigation of the Condensation Shock in Air by 
Use of the Schlieren Method" presents pressure measurements 
| and Schlieren photographs of the shock patterns when water 
va or in air condenses to form a fog of liquid or solid 
particles, It has extended our knowledge of the conditions 
: fe which control condensation and of the condensation ica which 
Pas. iccompanies it. 
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; ‘From either of these theses a paper could is prepared 
which would be published in one of the deprnste of the 
Fs professional. societies. 
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” oh ie | . /s/ Joseph H. Keenan 


Joseph H. Keenan 


BY 
Lieut. E. Ll. ferry ; Lieut L.W.A. Renshaw 
B.S., U.S.C.0. Academy and B.S., U.5.C.G. Academy 
1941 1941 


Submitted in partial fulfillment of the 


requirements for the degree of 
Master of Science 


Wassachusetts Institute of Technology 
Canbridge, Hassechvostts 
Dear Professor Newell: 

Herewith we submit our thesis entitled "Schlieren 
Observation of Supersonic Discharge" in partial fulfillment of the 
requirenents for the Degree of Master of Sclence in Naval 
Construction and Engineering at the Massachusetts Institute of 
Technology. 
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With pleasure we acknowledge the help given us by Professor 
Joseph H. Keenan and Professor 2. P. Neumann of the Mechanical 
Engineering Department. Thanks are also due to Dr. Joseph Kaye 
and Mr. Ferdinand Lustwerk. Mr. Lustwerk rendered invaluabdle 
assistance in developing laboratory equipment and technique. 


Professor Joseph H. Keenan suggested the thesis topic. 
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This work was undertaken to observe the effect on the discharge 
phenomenon of a supersonic air stream due to a change in Mach Muwsber 
and a change of bamdary layer thickness at constant Mach Nusber, 
Two (2) two-dimensional nozzles were designed using the Pramitl Theory, 
one having a Mach Number of 1.85 and the other a Mach Nunber of 1.39. 
A third nozzle was formed by adding « lenght cf straight tube te the 
profile of the first nozzle to bring the Mach Nusaber dom to 1.39 by 
friction, All nozzles were designed for the same flow per unit area 
in the exit. , 

A comparison of the discharge of the first and second nozzles 
ghould show the effect of Mach thutber, whereas a comparison of the 
secend ani third nozzles should show the effect of boundary layer 
thickness, The comparisons were made by Schlieren photographs and 
pressure measurements by mercury manometers at a point one eighth (1/8) 
inch from the exit of the nozzle and in the discharge chamber. It is 
noted that the nosgles were mounted perpendicular to the knife edge 
in the apparatus. 

The results of the first comparison are not too conclusive, 
Further study in this line is recomended, The second comparison 
shows that a thick boundary layer cannot support anything resembling 
@ transverse shock whereas a thin bounlary layer will. Pressure 
measurement revealed that even in the thinest boundary layers we 
were able to obtain there was no abrupt rise in pressure in the exit 
ef the mnasles = Like that expested in frictionless flew « as the 
exhaust pressure was increased. It is pointed out that the pressure 
was measured at; the wall at « point ome eighth (1/8) inch from exit. 
The photographs show that as the exheust pressure is increased, the 
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oblique shock tends to creep back from the exit. This is shown in 
Figures VIII, IX and X, fhe gradual rise in exit pressure shown by 
cur neastirenents my be due to this creeping back of the oblique 

shock over the pressure tap. Figure I shows that there were slight 
digeontiuities in the pressure curve for the high Mach Nusber ; 
discharge. The photographs in this region ~ Figures XI, XII and 

XIII - depict this instability in the flew. 

It 4e recommended that furtirer work of this nature be carried 
vt with the nosslee wounted parallel te the knife eige of the 
Schlieren apparatus in order to observe more precisely the 
contribution of the boundary layer to the discharge phenomena. 
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MTROMUCTION 


The academic interest in the flow of fluids at supersonic 
velocities has recently become cf practical importance due to the 
development of gas turbines etc, The iheiery of the manner in 
which # supersonic stream from a nozzle or tube adjusts itself te 
the pressure in the exhaust space is well developed. 

This work proposes to investigate and observe by Schlieren 
methods of photography the manner in which such adjustments are | 
accomplished and the effects of different Mach Numbers and different 
boundary layer thicknesses on the phenomena. 
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FROCEDURE 


Three (3) two-dimengional noszles were designed. These were 
fitted with plane gless sides eo that the flow in the exit and 
discharge chamber could be observed by a Schlieren apparatus. The 
firet of these nozzles (designated Nozzle #1 end shown in Figure 
XXXVI, Appendix B) was designed to have as little boundary layer 
as possible ani a Mach Nuuber of 1.85. The second nozzle (designated 
Nozzle #2 and shown in Figure XXXVII, Appendix B) was designed for 
the game flow per unit area at the exit and a Mach Number of 1,39. 
A comparison of these two nozzles should shew some effect of Mach 
Wamber change on the discharge. The boundary layer should be small 
in each since they are very short. 

To compare the discharge at the seme Mach Musber and different 
boundary layer thicknesses a straight portion was edded to the 
contour of Nozzle #1 to reduce the Mach Number by friction to the 
seme value as that of Nossle #2 - (1.39). It was anticipated that 
some adjustment of the length of the straight portion would have 
to be made to bring the Mach Number to 1.39, This was leter fount 
to be the case. 

The laboratory procedure consisted of mounting the nozales 
in the Sehiieren apparatus eni taking suction with a steam jet air 
ejecter. Air at room temperature and atmospheric pressure was used 
as supply to ell the nossles. It is noted that in order to mintein 
the game flow per unit area for Nossle #2, e specially designed 
reducing fitting shown in Pifure XXXIX was used to reduce the inlet 
pressure to two thirds (2/3) atmosphere. 

Sterting with the lowest pressure we could cbtain in the 
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diecharge the exhaust pressure Was allowed to increase in steps 
until the preesure shocks were seen to nove back into the nozzle, 
Readings ef the exhaust pressure and the pressure one eighth (1/8) 
dnch upstream from the exit plane were made ty sercury manoneter 
and reenrded. Photographs were male at each step using the 
Bagerten Flash Unit deseribed in Reference (1). Graphs of exit 


pressure vs exhoust pressure were plotted, 
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The results of the experiment are shown in Figures I to XXXV, 

A comparison of Figure I ani Figure II would indicate that a 
phenomenon more closely approaching a theoretical transverse shock 
is found in flow at higher Mach Number, The break in the pressure 
curve for Nozzle #1 (Mach Number 1.85) at an exhaust pressure of 
about 240 ma Hg. is mich more pronounced than for any in the curve 
for Noasle #2 (Mach Musber 1.39). Examination of Figures X, XI 
amd XII shows some instability of the discharge at the instant the 
shock occurs at the exit of the nozzle for the higher Mach Number, 
No such instability was observed at the lower Mach Number (1.39). 
Figures XXV, XXVI ani XXVII show, however, what appears to be a 
transverse shock at the lower Mach Number. It is believed that the 
comparatively smooth pressure curve for Noszle #2 is caused by the 
length ef the shock. Apparently the flew separates from the tube 
wall near the exit and the shock passes sucothly up the nozzle as 
the exhaust pressure increases 3 whereas at the higher Mach Number 
the shock is much shorter ani the flow less steble. We were unable 
te step the sheck in the exit of this nozzle. 

Under ell conditions the pressure in the stream adjusted 
ee 
from the Meyer Theory of flow around e corner, This is shom in 
Figures IV, XXII ani XXVIII. Swall ani moderate adjustments to a 
higher exhaust pressure were made in all cases by the medium of 
an oblique shock, There was a tendency for the oblique shock to 
creep back inte the nozzle as the exhaust pressure increased. It 
is ebserved that this tendency became very pronounce? in the case 
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ef the thick boundary layer. It is possible that the gradual rise 
in the observed exit pressure as the exhaust pressure is increased 
is due to the oblique shock cresping back over the pressure tap 
which is located one eighth (1/8) inch from the exit, In that event 
the observed pressures are probably not the true pressures in the 
center of the atream at exit. 

A comparison of Figure II and tty show a marked similarity 
in the pressure relations of the two discharges at the same Mach 
Wamber (1.39) but different boundary layer thicknesses, It is 
noted that the curve for Nozzle #3 with a thick boundary layer is 
displaced to the right by about 15 mm Hg. om the exhaust pressure 
scale, 

The mechanism by which the pressure in the stream adjusts 
itself to a considerably higher exhaust pressure is shown in Figures 
XUXIT to XXX and Figures XXIV to XKVIT to be somewhat different 
in these two cases, In the ease of the thick boundary layer Figures 
XXXII to XXX¥ show that nothing resembling a transverse shock 
occurs. Instead, the boundary layer, which is subsonic, appears 
to increase in ares while the supersonic stream decreases in area; 
thus the pressure rises to that of the exhaust chamber, The 
eblique shocks which are set up and reflect downstream appear to 
originate at the point where contraction of the supersonic strean 
begins. It is possible that this apparent enlargement of the 
boundary layer cross section is actually a flow separation fron 
the wall. The observation that this phenomenon occurs only in the 
ease with thick boundary layer supports the former assumption, 
however, 

It is recommended that further work on this point be carried 
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out with the noszle mounted parallel to the knife edge of the 
Schlieren apparatus so that a better idea of what is going on in 
the boundary layer may be obtained. ; 

In the case of the thin boundary layer no such separation or 
- enlargement is observed, What appears to be a transverse shock with 
perhaps a little separation is shown in Figures XXiv to XXVIT, 

Investigation of the effect of Mach Number on the discharge with 
thiek boundary layer is also recommenied. It would be interesting to 
make observations at a Mach Nusber of 1.39 and with a boundary layer 
iuternediate in thickness between the two cases used in this work, 

As is noted in Appendix A the length of straight tube necessary 
te reduce the Mach Number of Nozzle 1 to that of Nozzle 2 was caloudated 
to be 10.35 inches. Actual experiment revealed that this value should 
be 6,02 inches and the length was accordingly reduced to that value. 

Due to extrensly low tenperatures of the stream it was 
practically impossible to prevent the condensation of moisture on the 
outside surfaces of the glass plates. This resulted in smudges 
similar to those shown in Figures IX, X, XXVIII and XxX, 
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PIGURE IV Nozwsle #1 Pe 


FIGURE V Nossle #1 P 
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FIGURE VI Nozsle #1 
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FIGURE IX 
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FIGURE XIX 


FIGURE XXTI 
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FIGURE XXIII Nozzle #2 P, « 131 Flash 


FIGURE XxxIv Nozsle #2 P. = 156 Flash 
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FIGURE XxXV Wozzle 72 P. = 1h Plash 
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FIGURE XXVI Nozzle #2 P. © 219 Flash 


FIGURE XxVIT Nozzle #2 P, © 235 Flash 
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FIGURE XXVIII Nosale #3 Pe 2 804 Flash 


FIGURE XXTX Nozzle #3 PL = 11364 Flash 


FIGURE XXX Nossle #3 P.- 1724 Flash 
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FIGURE XxxI Nozzle #3 | Fn 197.3 Flash 


FIGURE XXXII Noszle #3 P. © 213.4 Flash 
Ps - 156.4 


FIGURE XXXIII Nozzle #3 P. = 236.4 Flash 
P, - 198.4 
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FIGURE XXXIV Nozzle #3 | P @- 261.4 Fiash 


P3 © 225.4 


FIGURE XxXxv Nozzle #3 P, = 300.4 Flash 
P, = 267 4 
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Regardless of Mach Number, in supersonic flow the rise 
of pressure in the exit plane ef a practical nozzle is not 
suddem (in accordance with the theoretical relation) but 
occurs slowly over a considerable range of exhaust chamber 
pressure, 

With thick boundary layer the flow will not support 
anything resembling a transverse shock, 

Thickness of boundary layer has the controlling 
influence on the mechanism by which a supersonic strean 
adjusts itself to the pressure in the exhaust chamber, 

It is recommended that further work in this line be 
carried out with the nozzles mounted parallel to the knife 
edge of the Schlieren apparatus under the following 
conditions: 

(a) Use nozzles #1 and #3 of Appendix B. 

(b) Use a nozzle with a tube approximately three (3) 
inches long at a Mach Number of about 1.39 at exit. 

(ce) Use a nozzle with a tube approximately six (6) 
inches long at a Mach Number of about 1.95 at exit. 

It is also recommended that investigations of the effect 
of flow per unit area at the same Mach Number upon the 
discharge phenomena be carried out, 
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APPENDIX 4 <* UETATLS GF PROCEDURE 


Reference (3) Mesteates that a good shockless nozzle may be 
designed by the use of the Prandtl Theory; therefore it was decided 
to use this method as the basis of the nozzle design, The nozzle 
design was merely a reproduction of the work of Reference (3) but 
using different area ratios. A theoretical pressure ratio of .10 
was chosed for the basic mozgzle (Figure XXXVI, Appendix B) with 
an angle of divergence of U,° 15', The theoretical Mach number at the exit 
of this nozzle is 2.152 based on k © 1.400. The area ratio is 1.9307. 
A velocity coefficient of .95 was assumed and the actual Mach number 
calculated to be 1.85 with a pressure ratio of .124. 

It was desired to investigate the effect of Mach number with 
approximately constant boundary layer thickness on the discharge 
en. To accomplish this a second nozzle (Pigure XXXVII, Appendix 
B) was designed with an area ratio of 1.287. In order to maintain the 
same flow per ant area at the exit of the two nozzles the inlet 
pressure in this nozzle was reduced to two thirds (2/3) of an 
atmosphere by a specially designed adjustable fitting (Figure XXXIX, 
Appendix B). With an assumed velocity coefficient of .95, r was 
calculated as .275 and the Mech number at exit as 1.39. In order 
to keep both nozzles the same length the angle of divergence was 
reduced to six (6) degrees. It was believed that any differences that might 
be caused by this change of angle of divergence would »e less than 
those caused by a change in length which would affect the boundary 
layer. 

In order to observe the effect of boundary layer thickness 
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on the discharge phenomena for the same Mach number at exit, it was 
decided to add to the basic nozzle (Nozzle 1) a straight constant 
area section of such length as to reduce the Mach number of Nozzle #1 
(1.85) to the Mach number of Nozzle #2 (1.39), To eliminate the 
possibility of shock formation at the junction of the nozzle and tube 
4t was decided to fabricate another nozzle withhthe straight portion 
integral with tie nozzle itself (Figure XXXVIII). By use of data 
. Obtained from Reference (6) the length of tube necessary was saleulated 
to be 10.35 inches, This figure was regarded? as highly approximate due 
to the use of a two dimensional tube instead of the circular seetion upon 
which the data of Reference (6) is based. 

Provision was made for pressure measurement by mercury manometer 
at a point one eighth (1/8) inch from the nozzle or tube exit and 
dm the discharge chanher of all noszles by a .020 imch diameter hole 
in the stesl contour, 

All pictures were taken with the axis of the nozzle perpendicular 
to the knife edge of the Schlieren apparatus described adequately 
im Reference (1). 

The pictures designated "Flash" were made by using the Edgerton 
Flash Unit also described in Reference (1), This gave an exposure 
time of approximately .5 x 107° seconds. A few pictures were taken 
using a steady light source and pn exposure time of 1/80 seconds, 
to show the difference in detail of pictures obtained by the use of 
the two different methods, | | iif 
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PRESSURE READINGS, NOZZLE I 19 JULY, 1946 
P, = Exhaust Chamber Pressure, mm. Hig. 

P, 3 Pressure in Exit of Nossle, mm, Hg. 

P, s Nozzle Inlet Pressure, Atmospheric 


7, 3 Inlet Temperature, Degrees F. 


P, Py P, T 
Th 95 761.2 85 
95 95 
116 9 
133 204 
153 105 
169 116 
181 122 
196 131 
220 +136 
24a 197 
228 
287 230 
32h 289 
370 342 
hooks 407 
473 464, 
527 520 


~ ' 
% 
ea , 
u 1 
# if fr 
Sai. f 
iby ee ay 


apace: ¢2 


dite 


Rag Siwe gtr oe edaety edt att 4 


nee 


¥ “i . ; i ee oh: o,f 7 
Ev , Tee = ws t. ping Roe ee ae ae  s i) SEC 


‘ 


ali 


Bh A tac a sex toed ar 
c a : ae % $ pssitiess bi ae a iid veg hal pat wy nm 
ba Shas, area an ory wee afta pay #3 Adis 


tied motte * worwinia si 


phone gl ods ie wht, 


. 


ZABLE LT 


PRESSURE READINGS, NOZZLE # 2 


P, > Exhaust Chanber Pressure, mm, lig. 
P, 2 Pressure in Exit of Noasle, mn. Hg. 


P, S Noszle Inlet Pressure, an. Hg. 
Pa 3 Atmospheric Pressure, am. Hg. 


Ty s Noszle Inlet Temperature, Degrees F. 
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TABLE Sit 
PRESSURE READINGS, NOZZLE #3 22 JULY, 1946 


P, = Exhaust Chamber Pressure, mm. Hg. 

Po = Pressure at Exit of Tube, mm. Hg. 

Pp = Pressure at Tube Inlet (Wossle Exit), m. lig. 
P, ® Nosale Inlet Pressure, Atmospheric 

gt = Inlet Teaperature, Degrees F. 
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TABS SY 
NO@ZUR CHARACTERISTICS 


Ay & Cross-sectional Area at Throat 

A, ® Cross-sectional Ares at Exit 

tr, = Theoretical Ratio of Exit Pressure to Inlet Pressure 
¥, * Actual Ratio of Exit Pressure to Inlet Pressure 

i, S Theoretical Nach Number at Exit (frictionless Plow) 
WM, = Actual Mach Number at Exit 

Cy = Assumed Velocity Coefficient 

w 2 Flow in Powmds per Second 

G 2 Flow per Unit Area at Exit, Pounds per Squarefoot per Second 
T, = Inlet Temperature, Degrees F. 

P, > Inlet Pressure, Atmospheres 


Ay/Be 1.9307 1.2870 1.9307 
rr, 1000 02200 L000 
%. 01240 «2750 21833 
My 241520 1.6180 2.1520 
i 1.8500 1.3900 1.3900 
cy 095 095 

Py 1.0000 26667 1.0000 
t, 5 as 85 

v 00676 0676 20676 
a 25 2000 25 2000 25.2000 
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FIGURE XXXIX 
REDUCING PIPTTNG 
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AEPEUD IZ C_ =e LOCATION OF ORIGINAL DATA 


All of the original nozzle design calculations, photographic 
negatives, ani the nozzle profiles are in the possession of lr, 
E. P. Neumann of the liechanical Engineering Department, Massachusetts 
Institute of Technology. 
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